A workpiece attitude during polishing process is known to affect material removal rate distribution, which is one of the most significant properties in polishing process. Though, the effect of the attitude in double-sided polishing process has not been discussed in the past literatures. Hence, a method for estimating the distribution in doublesided polishing of a thick square workpiece considering the attitude is developed, and the effect of the attitude to the material removal rate distribution is investigated utilizing the method in the present study. In the developed method, the attitude is identified based on the equilibrium of force and moment applied to the workpiece by the contact against upper and lower pads. And distribution of contact pressure between the workpiece and pads is calculated under the identified workpiece attitude. Then, the material removal rate distribution is estimated from the contact pressure distribution and relative velocity distribution, which is calculated from the conditions of geometry and rotational speed, based on Preston's law. It is confirmed that the material removal rate increases as the position is closer to the leading edge of the workpiece because of the workpiece tilt. And this variation increases as the workpiece becomes thicker and smaller. Therefore, it is confirmed that the effect of the workpiece attitude to the material removal rate distribution is significant, and considering the workpiece attitude is significant for investigating the material removal rate distribution in double-sided polishing of a thick or small workpiece. Hashimoto, Sano, Furumoto and Hosokawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) velocity distribution from the conditions of geometry and rotational speed. In addition, the authors developed estimation method of wafer behavior, which is utilized in calculation of the relative velocity (Hashimoto et al., 2017) . Wang et al. (2013) calculated the contact pressure distribution by using 2D finite element method. Fukui et al. (2018) measured contact pressure distribution and its effect to the material removal rate distribution was investigated. Lin et al. (2002) experimentally investigated the effect of slurry supply holes in the upper platen to the material removal rate. Hiyama et al. (2018) investigated the effect of carrier holes, which is assumed to affect slurry flow, to the material removal rate. Satake et al. (2016) determined friction coefficient between the polishing pads and workpiece. And, Hayakawa et al. (2017) determined contact points between the polishing pad and the workpiece. However, the effect of workpiece attitude, which is known to affect contact pressure distribution, in double-sided polishing has not been investigated in the past literatures. The workpiece tilts is considered to be indispensable especially in double-sided polishing of thick workpiece such as block gauges and liquid crystal displays since frictional force applied to the workpiece by the upper and lower pads are in opposite directions under typical conditions. Hence, in the present study, a method for estimating the material removal rate distribution in double-sided polishing of a thick square workpiece, which is experimentally known to be difficult to achieve good flatness by the process, considering the attitude is developed. utilizing the method.
Introduction
Double-sided polishing is a process in which both surfaces of a workpiece are polished simultaneously to achieve surfaces with good roughness and good flatness. Hence, the process is essential in manufacturing semiconductor wafers, quartz crystals, block gauges, liquid crystal displays, and so on. However, most of the phenomena occurring in the process have not been clarified. In addition, most development on the process has been conducted based on experience and intuition. Therefore, a theoretical research is necessary to address this situation.
Material removal rate is one of the most significant polishing properties since uneven distribution worsens the flatness of the workpiece and increases the processing time and cost. Hence, it is desired to understand the material removal rate distribution in double-sided polishing. The material removal rate in a polishing process is stated by Preston's law (Preston et al., 1927) that it is proportional to the relative velocity between the workpiece and the polishing pad, contact pressure applied to the workpiece by the pad, and Preston's coefficient. Preston's coefficient is a parameter which depends on various aspects such as type and size of the abrasive, condition of the pad, and temperature and pH of the slurry. Thus, the distributions of relative velocity, contact pressure, and Preston's coefficient in double-sided polishing are investigated by some researchers to clarify the material removal rate distribution. Nakagawa (2006) Figure 1 shows a schematic of the double-sided polishing process in this study, where several workpieces are polished simultaneously. The workpieces have similar shapes, which are in the form of square blocks such as block gauges. They are sandwiched in the vertical direction between an upper pad and a lower pad, which are attached to platens. The workpieces are held in position using carriers through their square holes, and they move with the carrier without slip since the workpiece and the hole are square and their clearance is narrow. Slurry is applied to the boundary of the top surfaces of the workpieces through the holes in the upper platen and the upper pad. The slurry then flows down to the lower pad and it is applied to the boundary of the bottom surfaces of the workpieces. The upper and lower platens rotate in opposite directions. A sun gear and an internal gear are used to apply a planetary motion, i.e., rotation about the center of the carrier and revolution about the sun gear. Figure 2 shows the geometries of one of the workpieces in the carrier in this model. The model is formulated in a coordinate system p -q, which rotates with the carrier revolution. The origin O of the coordinate system is the center of the sun gear. The p-axis is along the direction toward the center of carrier Oc and the q-axis is normal to the p-axis. The angle between the line drawn from Oc to the workpiece center Ow and the p-axis is termed the workpiece center angle θw, which varies during the process. A coordinate system p' -q', which moves with the workpiece, is used to indicate the point on the workpiece. The origin of the coordinate system is the workpiece center Ow. Any point on the workpiece { ′ ′} T [mm], which is defined in the p' -q' system, satisfies Eq. (1).
where [mm] is the length of the workpiece. And the point on the workpiece is presented in the p -q system using Eq. (2). Hashimoto, Sano, Furumoto and Hosokawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) where c rev [mm] is revolution radius of the carrier, and w [mm] is eccentricity length of the workpiece in the carrier.
Calculation of material removal rate distribution
Preston's law states that the material removal rate is proportional to the relative velocity between the workpiece and the polishing pad, contact pressure applied to the workpiece, and Preston's coefficient. Hence, the material removal rate at the point { ′ ′} T on the top and bottom surfaces
respectively, is calculated as Preston's coefficient depends on various aspects such as condition of the pad and the slurry, hence the distribution is considered to be uneven. Thus, its uneven distribution should be considered to simulate actual process. Though, the distribution has hardly been investigated not only in double-sided process but in single-sided process. In addition, the workpiece attitude, which is featured in this study, affects contact pressure distribution directly, while it is considered not to have a significant effect on the Preston's coefficient distribution. Therefore, the Preston's coefficient distribution is assumed to be even in this calculation in order to investigate the effect of the attitude to the material removal rate distribution in the study.
Calculation of relative velocity distribution
The relative velocity distribution of the workpiece against the polishing pad is calculated with rotational speed of the pads and the carrier and their geometric condition. The relative velocity distribution at the point { ′ ′} T on the top surface of the workpiece T � ′ , ′� is presented as Eq. (5), and that on the bottom surface ] using Eq. (9). In these equations, the velocity distributions is presented in the p -q system. Carrier rotation a Hashimoto, Sano, Furumoto and Hosokawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) 
Calculation of contact pressure distribution
The contact pressure distribution between the workpiece and the polishing pads is calculated based on elastic deformation of the pads referring to the gap theory. The theory developed by Une (1983) is calculation method of the contact pressure distribution in single-sided polishing process. And it is validated that the theory is also available to single-sided lapping process (Une et al., 2010) . Thus, calculation developed in this study is considered to be available to both double-sided processes. Figure 3 shows a schematic of the contact between the workpiece and the pads. The figure shows the cross section along the q'-axis, where the major component of the relative velocity between the workpiece and the pads is under θw = 0° condition. The workpiece is thick in this study, hence its elastic deformation is much smaller than the pads deformation. Thus, the workpiece is assumed to be a rigid body, that is, elastic deformation of the workpiece is neglected in this model. The deformation distribution of the pads is calculated with the displacement of the upper platen ∆ [mm] and workpiece attitude, which is represented by vertical displacement
[mm], tilt angle about the p'-axis θp' [rad] , and that about the q'-axis θq' [rad] . The distribution of the indentation depth between the workpiece and the upper pad
is presented in Eq. (10) and that between the workpiece and the lower pad
These indentation distributions also depend on the workpiece profile and the pad profile, which is worsened by consuming. Hence, these effects to the material removal rate are significant in the case that those profiles are not flat. Though, these profiles are assumed to be flat since the effect of the attitude to the material removal rate distribution is investigated in the study. A deformation model, where the polishing pad does not deform in the horizontal direction, is used in this calculation. Hence, the distribution of the contact pressure applied to the top surface of the workpiece via the upper pad T � ′ , ′� is calculated using Eq. (12) and that applied to the bottom surface of the workpiece via the lower pad B � ′ , ′� is calculated using Eq. (13). Figure 4 shows a flowchart for estimating the workpiece attitude. In the first step, the unknown parameters, i.e., the displacement of the upper platen ∆, vertical displacement of the workpiece , its tilt angle about the p'-axis ′, and that about the q'-axis ′ are initialized. Then, the contact stress distributions applied to the top and bottom surfaces of the workpiece T � (16)- (21) to consider the equilibrium of force and moment applied to the workpiece.
where w [mm] is thickness of the workpiece.
components of frictional stress distribution induced by the contact between the top surface and the upper pad. And 
Calculation of forces and moments applied to workpiece
Update of attitude parameters of workpiece
Update of displacement of top platen
where u � ′ , ′ � and l � ′ , ′ � are friction coefficient distributions of the upper and lower pads, respectively.
The equilibrium conditions of the vertical force and the moments about the horizontal axes applied to the workpiece under the right set parameters are satisfied since the workpiece follows the equilibrium conditions of force and moment. Hence, the equilibrium condition of the force and moment applied to the workpiece presented in Eq. (24)- (26) are checked.
T + B = 0 (24)
When the equilibrium conditions are not satisfied, the set parameters of the workpiece attitude , ′ and ′ are modified based on the Newton-Raphson method and these procedures are iterated until the equilibrium conditions are satisfied. Then, the equilibrium of the force applied to the upper platen presented in Eq. (27) is checked. And ∆ is modified and these procedures are iterated until the equilibrium is satisfied.
[N] is load applied to the upper platen as polishing pressure for each workpiece. Table 1 lists the analytical condition. The revolution radius of the carrier c rev is set based on a general 5B doublesided polishing machine. In this study, the four-way motion, i.e., the condition where the upper platen rotates in a direction opposite to that of the lower platen, which is a one of the general motions in double-sided process, is considered. The rotation along the counter-clockwise directions is defined positive. The revolution speed of the carrier c rev is set to 1/4 of the rotational speed of the lower platen l so that the average relative velocities of the carrier against the upper and lower pads are the same (Arai, 2007) . The Young's modulus, Poisson's ratio, and friction coefficients of the upper and lower pads are the same, and friction coefficient distributions are uniform. Table 2 lists the geometric condition of the workpiece investigated. Workpiece1 is the base shape in this study, and is used in the following investigation (sections 3.2-3.4). It is a square block whose height is lower than its length and width. The size is determined by referring to that of a block gauge. Maximum number of the workpieces set in a carrier is 4 under this condition. And the material removal rate distribution on one of them is investigated. Workpiece 2 and Workpiece 3 are mentioned in section 3.5. Workpiece 2 is thinner than Workpiece 1, and Workpiece 3 is smaller than Workpiece 1. Design, Systems, and Manufacturing, Vol.13, No.1 (2019) Figure 5 shows the workpiece attitude and displacement of the upper platen calculated based on the flowchart shown in Fig. 4 . As shown in the figure, the displacement of the upper platen ∆ and vertical displacement of the workpiece remain constant, and is half of ∆ because the equivalent Young's moduli of the upper and lower pads are the same. On the other hand, the tilt angle about the p'-axis ′ and that about the q'-axis ′ vary with respect to w since the tilt angles are calculated with the relative velocity distributions of the workpiece, which vary with w . Figure 6 shows the relative velocity distributions of the workpiece T � ′ , ′� and B � ′ , ′�, which are calculated using Eq. (5) and Eq. (6) at typical w . In this investigation, the revolution radius of carrier c rev is not small, and the rotational speeds of the pads are higher than the rotational speed and revolution speed of the carrier. Hence, the relative velocity distributions strongly depends on the rotation of the pads, respectively. Thus, the direction of relative velocity on the top surface almost agrees with the clockwise direction about the pad center O. And that on the bottom surface almost agrees with the counter-clockwise direction about O. As shown in the figure, the direction of the relative velocity against the upper pad under w = 0° condition agrees with the negative direction of the q'-axis, and that against the lower pad agrees with the positive direction of the q'-axis. This causes the workpiece at w = 0° to tilt about the p'-axis in the positive direction, as shown in Fig. 5 . On the other hand, the workpiece at w = 180° tilts about the p'-axis in the negative direction because the distributions of the relative velocity under w = 180° condition are opposite to those under w = 0° condition in the p'-q' coordinate system. The workpiece mainly tilts about the q'-axis at w = 90° and w = 270°, as shown in Fig.  5 , because the major components of the relative velocity distributions are along the p'-axis. Meanwhile, the workpiece at the w conditions also tilts about the p'-axis because q' component of the relative velocity is not small enough, as shown in Fig. 6 . ' Hashimoto, Sano, Furumoto and Hosokawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) 
Analytical investigation of material removal rate distribution 3.1 Analytical conditions

Workpiece attitude
Contact pressure distribution
The tilt of the workpiece leads to an inclined distributions of the contact pressure between the workpiece and the polishing pads. Figure 7 shows the distributions of the contact pressure calculated using Eq. (12) and Eq. (13) at typical w . The contact pressure on the top surface of the workpiece increases at a position where the workpiece is tilted in the upward direction, because the indentation depth of the upper pad increases as shown in Eq. (10). The contact pressure on the bottom surface of the workpiece at the position decreases because the indentation depth of the lower pad decreases as shown in Eq. (11). Thus, the distributions on the top and bottom surfaces are symmetric. Here, the distributions on the top surface are focused. The contact pressure on the workpiece at w = 0° increases with the q' component since the workpiece tilts about the p'-axis. That at w = 180° decreases with the q' component since the workpiece tilts to the opposite direction at w = 180°. And that at w = 90° and w = 270° varies along not only the p'-axis but also the q'-axis because of the workpiece tilts. Hence, it is confirmed that the contact pressure distribution is strongly affected by the workpiece attitude under this condition. It is also confirmed that the pressure increases as the position is closer to the leading edge of the workpiece on each surface. Figure 8 shows the material removal rate distributions calculated using Eq. (3) and Eq. (4) . As shown in these figures, the distributions on the top and bottom surfaces, as well as the contact pressure distributions, are symmetric. The rate at w = 0° on both surfaces increases with the p' component since the relative velocity increases as shown in Fig. 6 . The rate on the top surface increases with the q' component and that on the bottom surface decreases with the component because of the contact pressure distribution caused by the workpiece tilt, as shown in Fig. 7 . The distributions at other w positions are calculated using with those of relative velocity and contact pressure. However, the magnitude of the material removal rate is higher as the workpiece is closer to the edge of the polishing pad because the relative velocity is higher. Thus, the distribution averaged in each w by considering the rotation around the carrier, i.e. actual material removal rate during the process, which is calculated using Eq. (28) and Eq. (29), strongly affects distribution near w = 0°. θ w = 90°θ w = 270°θ w = 0°θ w = 180°8 Hashimoto, Sano, Furumoto and Hosokawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) Figure 9 shows the averaged distributions of the material removal rate. As shown in this figure, the distributions on both the top and bottom surfaces are symmetric. And they are similar to those at w = 0° in Fig. 8 , as described above. Thus, it is confirmed that the material removal rate on both surfaces increases with the p' component, that is, it increases as the position is closer to the carrier edge, because of the uneven relative velocity distribution. It is also confirmed the material removal rate on the top surface increases and that on the bottom surface decreases with the q' component, that is, it increases as the position is closer to the leading edge of the workpiece on each surface, because of the workpiece tilt. As shown in the figure, the variations of the material removal rate on the workpiece surfaces is not small. This is considered to be the reason why it is difficult to achieve good flatness by double-sided process of thick square workpiece. And this indicates that the effect of the workpiece attitude to the material removal rate of thick workpiece is significant. Thus, it is confirmed that considering the workpiece attitude is significant for investigating the material removal rate distribution. In addition, it is confirmed that the developed method considering the workpiece attitude is useful for elucidating the process and developing a new technology. Fig. 10 shows calculated tilt angles on Workpieces 1-3. Figure 11 and Fig. 12 show the estimated distributions of the material removal rate on Workpiece 2 and Workpiece 3. Figure 13 shows the variation of the material removal rate along p'-axis and q'-axis on each workpiece shape.
Material removal rate distribution
T � ′ , ′� = 1 2 � �� T � ′ , ′�� • T � ′ , ′ � • T � ′ , ′ �� w 2 0 (28) B � ′ , ′� = 1 2 � �� B � ′ , ′�� • B � ′ , ′ � • B � ′ , ′ �� w 2 0(29)
Analytical investigation on the workpiece shape
First, the material removal rate distributions on Workpiece 2, which is thinner, is compared with Workpiece 1. As shown in Fig. 10 , the variations of the tilt angles are smaller than Workpiece 1 since the moment applied from the frictional stress by the pads is small in a thin workpiece. As described above, the workpiece tilt causes large variation of (µm/min) Hashimoto, Sano, Furumoto and Hosokawa, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.13, No.1 (2019) the material removal rate along the q'-axis. Thus, the variation along the q'-axis on Workpiece 2 is smaller than Workpiece 1 as shown in Fig. 13 . In other words, the effect of the workpiece attitude to the material removal rate distribution is considered to be larger as the workpiece is thicker. On the other hand, the variation along the p'-axis on Workpiece 2 is same with Workpiece 1 since their distributions of relative velocity does not vary with workpiece shapes.
The variations of the tilt angles of Workpiece 3, which is smaller, is larger than Workpiece 1, as shown in Fig. 10 since the moment applied from the contact pressure by the pads is small. Hence, the variation along the q'-axis on Workpiece 3 is larger than Workpiece 1 as shown in Fig. 13 . On the other hand, the variation along the p'-axis on Workpiece 3 is smaller as shown in Fig. 13 since the variation of the relative velocity distribution is smaller..
From these results, it is confirmed that the effect of the workpiece attitude to material removal rate distribution is significant, and considering the workpiece attitude is significant for investigating the material removal rate distribution in double-sided polishing of a thick or small workpiece. 
